VARIOUS METHODS have been utilized to estimate the volume and the changes in volume of the left atrium in patients with heart disease. Until recently, these methods have been qualitative and have included estimation of atrial volume from chest x-rays taken in different projections and from cardiac fluoroscopy. Left atrial enlargement is a well-recognized characteristic of mitral valve disease and a greatly enlarged left atrium has been described as a feature of mitral valve insufficiency.1 2 The amplitude of left atrial wall excursions as observed at fluoroscopy has been used in a qualitative sense to detect mitral valve insufficiency. This motion of the atrial wall has been recorded by the roentgenkymogram, the electrokymogram, and the auricular esophagogram.3 However, these indirect techniques have been of limited clinical value.
More recently, methods that utilize angiocardiography have been developed for quantifying left atrial volume and volume changes.4' 5Arvidsson4 has reported left atrial volumes and volume changes during the heart cycle in patients with mitral valve disease. He found larger left atrial volumes and cyclic volume changes in patients with mitral insufficiency than in patients with mitral stenosis. In patients with atrial fibrillation and mitral stenosis or insufficiency, the left atrium was usually larger than in patients with similar valve lesions, but normal rhythm. Grant This work was supported in part by Grant atrial volume changes to average 42% of left ventricular stroke volume in a group of patients that included normal subjects and subjects with mitral stenosis, aortic stenosis, or coarctation of the aorta. Previous angiocardiographic observations by Lind and co-workers7 in a patient with complete A-V block demonstrated greater right atrial emptying when atrial contraction occurred early in ventricular diastole than when it occurred in late diastole. Furthermore, these studies showed that the right atrium diminished markedly in size during the rapid phase of ventricular filling even in the absence of atrial systole. In a previous comparison of left atrial pulse pressure and cyclic volume changes in patients with different types of heart disease, Sauter and co-workers5 found little relationship between the volume changes and the pulse pressure in the left atrium, in patients with different types of heart disease. Mean and maximum left atrial volumes were unrelated to left atrial pressure in patients with mitral insufficiency, but left atrial pressure and volume did have a positive relationship in patients with mitral stenosis and in patients with aortic valve disease or primary cardiomyopathy.
In the present study, left atrial volume changes during the heart cycle and maximum left atrial volume have been determined in patients with acquired heart disease and have been related to the type of valvular or myocardial disease and the presence or absence of atrial fibrillation. The relationship of left atrial volume changes to the ventricular stroke volume was studied to determine the contribution of cyclic left atrial volume changes to the volume of ventricular inflow in patients with different varieties of heart disease. The left atrial volume changes during the heart cycle were related to the volume of mitral regurgitant flow to determine whether or not these volume changes can be used to assess the severity of mitral valve insufficiency. Finally, the atrial volume changes of patients with normal sinus rhythm and atrial fibrillation have been compared to gain further insight concerning the contribution of atrial systole to the degree of atrial emptying.
Methods
Fifty-seven patients with various kinds of heart disease were studied by right or transseptal left heart catheterization or by both types. All studies were performed in the fasting, resting, recumbent state. Forward, or effective, cardiac outputs were determined by the Fick or indicatordilution methods or by both. Indicator-dilution curves were obtained with injection of indocyanine-green into the right atrium or pulmonary artery with sampling from the brachial artery through a densitometer.8 Heart rate was recorded during each determination, and forward stroke volume (FSV) was determined by dividing the cardiac output by the heart rate.
Immediately following these procedures, biplane angiocardiography was performed with filming at rates of 6 or 12 per second by use of a Schonander or an Elema biplane film changer with film exposure timed with respect to the heart cycle. Contrast material (either 75% Hypaque* or Angio-CONRAYt) was injected into the left atrium in all but seven of the patients and in these seven a right atrial or pulmonary arterial injection site was used.
Atrial and ventricular volumes were calculated by using an ellipsoid reference figure by methods previously described.5 9 The calculated ventricular volumes were adjusted as described elsewhere.8 Volumes determined from each set of films were plotted with respect to time of film exposure within the cardiac cycle, and left atrial and left ventricular volume curves were constructed as shown in figure 1 , and as previously described for left ventricular volumes.8 The maximum left atrial volume and the change of left atrial volume during a heart beat were determined from the left atrial volume curves. The maximum left atrial volume for each patient was calculated by averaging the maximum left atrial *Hypaque Rx, Sodium and methylglucamine diatrizoic acid, Winthrop Laboratories, Inc., New York City.
tAngio-CONRAY (Sodium iothalamate injection 80%), Mallinckrodt Pharmaceuticals, St. Louis, Missouri. volume from several heart beats. Left atrial volume change during the heart cycle (LAVC) was determined by averaging the difference between maximum and minimum atrial volumes for several heart beats. Eighteen of the patients have atrial fibrillation. In these patients there were beat-to-beat variations in the left atrial maximum and minimum volumes and the cyclic volume changes as illustrated in figure 2 . The values for left atrial volume and volume change during the heart cycle and for left ventricular volume in the patients with atrial fibrillation are an average of observations from 6 heart beats in one patient, 5 heart beats in one patient, 4 heart beats in seven patients, 3 heart beats in seven patients, and 2 heart beats in two patients. The two patients in whom these observations were 
Classification of Patients Normal Subjects (Two Patients)
The two patients had no clinical evidence of valvular or myocardial disease but had bronchogenic carcinoma, and had angiocardiography because of suspected pulmonary vascular involvement. These patients had left ventricular dilatation and hypertrophy of undetermined etiology and a history of congestive heart failure. There was no clinical evidence of coronary artery disease or hypertension. Some of these patients had apical systolic murmurs, but none had the criterion for predominant mitral insufficiency as defined in this study. Five had mitral valve regurgitant flows less than 22 ml, and the sixth had a regurgitant flow of 37 ml per beat. None had a regurgitant flow greater than the forward flow.
Aortic Valve Disease (Seven Patients)
Two patients had aortic valve insufficiency, two had aortic stenosis, and three had combined aortic stenosis and insufficiency.
Predominant Mitral Insufficiency (Thirteen Patients)
For the purposes of this study, predominant mitral insufficiency was defined as mitral regurgitant flow that was greater than the forward, or effective flow. This value for regurgitant stroke volume was greater than 39 ml in these patients.
Of the patients with mitral insufficiency, seven had normal sinus rhythm and six had atrial fibrillation. Ten patients had chronic mitral insufficiency secondary to rheumatic heart disease and two had acute mitral insufficiency secondary to ruptured chordae tendineae.
Predominant Mitral Stenosis (Eighteen Patients)
A pressure gradient across the mitral valve during diastole was demonstrated at catheterization in each patient. Some patients had mitral regurgitant flow, but in these, regurgitant flow values were less than forward stroke volume and always less than 40 ml per beat. Eleven patients had normal sinus rhythm, and seven had atrial fibrillation. Comparison of left atrial volume change to left ventricular stroke volume for the various groups is demonstrated. The range for each group is represented by the horizontal bar and the mean for each group is represented by the vertical bar. Left atrial volume change is plotted against left ventricular stroke volume. The patients with aortic valve insufficiency have different symbols as indicated.
cardiomyopathy (mean 29 ± 13 ml) and in the two normal subjects (11 and 32 ml) were not clearly different from each other, but were much less than was observed in the patients with mitral insufficiency. Only one patient had a left atrial volume change during the heart cycle greater than 53 ml in the absence of mitral insufficiency.
As can be seen from the data in table 1 and figure 4, left atrial volume change per heart beat was 18% and 61% of the left ventricular stroke volume in the two patients without heart disease. Values seen in patients with heart disease are also illustrated in figure   180s 4 and were as follows: primary cardiomyopathy (mean 45%, range 32% to 71%), aortic valve disease (mean 27%, range 8% to 45%), mitral stenosis (mean 37%, range 17% to 64%), chronic mitral insufficiency (mean 54%, range 34% to 71%), and bivalvular disease (mean 36%, range 14% to 54%). No clear differences were apparent between groups. The left atrial stroke volume was never more than 72% of the left ventricular stroke volume and usually was much less. As is shown in figure 5 , there is a correlation between the left atrial volume change and left ventricular stroke volume. Patients with larger left ventricular stroke volumes tended to have the largest left atrial volume changes during the heart cycle. Furthermore, as shown in figure 6 , there is a correlation between the volume of mitral regurgitant flow per beat and the cyclic left atrial volume change. Patients with the largest regurgitant flow values had the largest volume changes. As might be expected, low values for left atrial volume change relative to left ventricular stroke volume were common in aortic valve insufficiency and this can be seen in figure 5 . In the two patients with severe aortic insufficiency uncomplicated by other valve lesions, left atrial volume changes were only 8% and 19% of the left ventricular stroke volume.
The maximum left atrial volumes for the various groups are compared in figure 7 Individual values for left atrial maximum volume in each group are represented by solid circles. The range for each group is represented by the horizontal bar and the mean for each group is represented by the vertical bar. less than all others. Patients with chronic mitral insufficiency secondary to rheumatic heart disease had the largest left atrial volumes (range 287 to 1,160 ml, mean 500 ml). All patients with left atrial volumes greater than 365 ml had chronic mitral insufficiency. The two patients with acute mitral insufficiency due to ruptured chordae tendineae had left atrial volumes (150 and 129 ml) that were much smaller than those seen in chronic mitral insufficiency. Left atrial volumes in patients with aortic valve disease (mean 143 ± 28 ml) and primary cardiomyopathy (mean 120±)33 ml) were as large as volumes observed in many of the patients with mitral stenosis (range 98 to 361 ml, mean 191 ml).
The comparison of left atrial volume change during the heart cycle to forward stroke volume is illustrated in figure 8 and listed in table 1. All patients with rheumatic heart disease and predominant mitral insufficiency as defined in this study had LAVC/FSV greater than 100%; that is, the LAVC was larger than the forward or effective stroke volume. The two patients with acute mitral insufficiency due to ruptured chordae tendineae also had LAVC/FSV equal to or greater than 100o. In the absence of mitral insufficiency, all but one patient had a LAVC/FSV less than 75%. The five patients with bivalvular disease and a LAVC/ FSV greater than 75% had evidence of mitral insufficiency.
The relationship of rhythm (normal sinus rhythm and atrial fibrillation), left atrial cyclic volume change and maximum volume is shown in figure 9 for patients with mitral stenosis, chronic mitral insufficiency, and bivalvular lesions. The two patients having atrial volumes exceeding 700 ml had atrial fibrillation. For patients with atrial volumes less than 700 ml, there was not a close relationship between atrial volume and the presence or absence of atrial fibrillation; atrial fibrillation was observed in patients with left atrial volumes as small as 110 ml. Discussion
In all patients studied, regardless of the type of heart disease, or the magnitude of the of the LVSV. These observations are in agreement with those of Arvidsson4 and Grant and co-workers,6 who have used different methods for calculating volumes from biplane angiocardiograms. Thus the left atrial volume change per heart beat does not provide a measure of blood entering the left ventricle from the left atrium during diastole. Grant and co-workers have described the left atrium as functioning not only as a reservoir to store blood which will enter the ventricle during diastole, but also as a conduit through which blood flows from the pulmonary veins to ventricle. The latter volume of ventricular inflow is not reflected by change of atrial volume. One might predict that low values for LAVC/LVSV would be observed in patients with severe aortic insufficiency because the aortic regurgitant flow does not pass through the left atrium and the LVSV is large. Indeed, this was true in the two patients with aortic insufficiency.
As described by Arvidsson, the largest left atrial volumes were observed in patients with chronic mitral insufficiency. However, left atrial maximum volume was observed to be large in some patients with aortic valve disease and idiopathic myocardial hypertrophy, and in fact was as large as that in a number of the patients with mitral stenosis. This is not usually appreciated from viewing conventional chest x-rays taken to evaluate the cardiac silhouette. In mitral stenosis, the disproportionately enlarged left atrium contrasts markedly with the normal-sized left ventricle and is quite apparent. However, in patients with aortic valvular disease and primary cardiomyopathy, the enlarged left atrium is not so evident because of the enlarged left ventricle in these diseases. In an earlier study, the volume of the left atrium in patients with aortic valve disease or primary cardiomyopathy was shown to be related to the left atrial pressure.5
It is of interest that in the presence of atrial fibrillation there are appreciable changes of atrial volume over the course of a single heart cycle. With a normally functioning atrium, the decrease of atrial volume during Circulation, Volume XXXIV, December 1966 the heart cycle is in part a passive phenomenon, unrelated to atrial contraction and is a reflection of the elastic properties of the diastolic atrium. There is a further decrease of atrial volume with atrial contraction. 6 Lind and associates7 reported an angiocardiographic study of the right atrium in an infant with complete heart block and demonstrated marked decrease in right atrial size in early diastole that was unassociated with active atrial contraction. Patients with atrial fibrillation present a situation in which there is no active atrial contraction and any decrease in left atrial volume is due to the elastic properties of the fibrillating left atrium. These data were analyzed in an attempt to gain more insight concerning the contribution of atrial contraction to atrial volume change during the heart cycle, and this is illustrated in figure 9 . Among patients with normal rhythm and atrial fibrillation, the patients with the larger atria tend to have the larger left atrial cyclic volume change as shown by the regression lines and regression coefficients. This is probably a reflection of the mitral valve insufficiency which was present in many of the patients with the larger atria. As can be seen also from the regression lines, the patients with normal rhythm tended to have slightly larger left atrial volume changes per heart beat for a given atrial volume than patients with atrial fibrillation, but the difference is not statistically significant. Of course, the effect of atrial fibrillation on left atrial volume change during the heart cycle in an individual patient cannot be determined from these data.
Patients with mitral insufficiency had the largest left atrial volume changes during the heart cycle. Only one patient had a left atrial volume change greater than 53 ml in the absence of mitral insufficiency. The large cyclic left atrial volume change seen in patients with mitral insufficiency is in large part a reflection of the regurgitant flow from the left ventricle. As shown in figure 6 , there was a close relationship between left atrial volume change during the heart cycle and the volume of mitral regurgitant flow. It is of interest that in nine patients with mitral insufficiency, mitral valve regurgitant flow exceeded the left atrial volume change by as much as 50 ml per beat. In these patients, the pulmonary veins must also accept a portion of the mitral regurgitant flow. This can often be demonstrated angiocardiographically by observing reflux of contrast material into the pulmonary veins during ventricular systole.10
Two patients had acute mitral insufficiency due to ruptured chordae tendineae and had somewhat different left atrial volume characteristics than patients with chronic rheumatic mitral insufficiency. The left atrial cyclic volume changes (46 and 51 ml) in these patients were in the lower range of values observed in patients with mitral insufficiency, and the maximum left atrial volumes (129 and 150 ml) were much less than those in patients with chronic mitral insufficiency. These differences seem to reflect a difference in compliance or distensibility of the atrium in acute mitral insufficiency as compared with chronic mitral insufficiency as suggested in an earlier publication from this laboratory.5
Summary
Left atrial volume and volume change during the heart cycle were determined and compared with left ventricular stroke volume and forward, or effective, stroke volume in 57 patients who were grouped as follows: normal, primary cardiomyopathy, aortic valve disease, predominant mitral insufficiency, predominant mitral stenosis, and combined aortic and mitral valve disease.
In this study left atrial cyclic volume change averaged 41% of the left ventricular stroke volume and was in no case more than 72% of the left ventricular stroke volume, regardless of the type of heart disease. Some patients with aortic valve disease or primary cardiomyopathy have left atrial maximum volumes as large as those seen in many patients with mitral stenosis. Three features of left atrial volume and volume change per heart beat were observed in patients with mitral insufficiency: (1) a large left atrial volume (all patients with a left atrial volume greater than 365 ml had mitral insufficiency), (2) a large left atrial cyclic volume change, and (3) a left atrial volume change per beat equal to or greater than the forward, or effective, left ventricular stroke volume. It was also demonstrated that the left atrial cyclic volume change in patients with atrial fibrillation may be large and in this study showed no significant difference from values observed in patients with normal rhythm.
